The global optimisation of small bimetallic PdCo binary nanoalloys are systematically investigated using the Birmingham Cluster Genetic Algorithm (BCGA). The effect of size and composition on the structures, stability, magnetic and electronic properties including the binding energies, second finite difference energies and mixing energies of Pd-Co binary nanoalloys are discussed. A detailed analysis of Pd-Co structural motifs and segregation effects is also presented. The maximal mixing energy corresponds to Pd atom compositions for which the number of mixed Pd-Co bonds is maximised. Global minimum clusters are distinguished from transition states by vibrational frequency analysis. HOMO-LUMO gap, electric dipole moment and vibrational frequency analyses are made to enable correlation with future experiments.
A. Introduction
The structural characterisation of clusters and nanoparticles is key in elucidating the size-dependent properties of nanoscale materials to facilitate many potential applications. Geometric structures of small nanoparticles (or subnanometre clusters) can be determined by coupling experimental measurements with theoretical calculations. 3 The generation of possible geometric isomers that can be used to explain experimental findings can be made by intuition [4] [5] [6] but this becomes impossible for larger systems and will also bias results. Another approach is to utilise an algorithm that explores configurational space to determine the global minimum (GM). Several computational methods that predict the globally stable structures of subnanometre clusters are available, such as statistical mechanical methods, 7, 8 basin hopping 9 and genetic algorithms (GA). 10 The choice of technique depends on how the potential energy surface is described and how complex it is. 11, 12 After the optimisation of the cluster structure using these methods, reoptimisation at the Density Functional Theory (DFT) level can be performed in order to correlate the predicted lowest energy structure with experimental results for free or supported clusters. [13] [14] [15] Experimental findings associated with theoretical investigations have revealed that the bonding situation for clusters and small nanoparticles is generally different from the corresponding bulk material 16, 17 and can also differ for two elements of the same group. 18 For these reasons, electronic structure calculations are needed to predict the correct growth characteristics of small clusters. Thus, due to growing interest in the design of novel functional nanomaterials, the DFT analysis of clusters of metals such as cobalt, platinum, palladium, silver, and gold has become a hot research field for chemists, physicists, and materials scientists. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Clusters become more complex when two or more metals are alloyed in order to tune the characteristics of the particles not only by size but also by composition and chemical ordering, possibly resulting in special synergistic effects for these ''nanoalloys''. 34 In recent years, bimetallic nanoparticles have been studied using many body empirical potentials, with the GM predicted using a GA, often yielding consistent results with experiments. 35 However, an examination of the bonding in smaller (subnanometre) bimetallic clusters can only be achieved using electronic structure methods. For this reason, we have recently developed a program for the direct global optimisation of cluster geometries at the DFT level -the so-called GA-DFT approach. 3, 36 Another motivation is that nanoalloy particles often have superior chemical and physical properties compared to single element nanoparticles. 37 Thus, nanoalloys are of great interest in the chemical industry: for example, one metal may adjust the catalytic properties of the other due to structural and/or electronic effects. In many nanoalloys, the lowest energy configurations have a core of one metal surrounded by a shell of the other metal, so that smaller volumes of a catalytically active element (thereby reducing the cost) might be sufficient to achieve similar effects as those of single element catalysts. 38 Furthermore, in Fisher-Tropsch catalysis, [39] [40] [41] PdCo nanoparticles have been shown to display higher selectivity than pure Co particles. Synthesis of hydrocarbon fuels by reacting carbon monoxide and hydrogen is appealing to many researchers in this area due to recent huge fluctuations in the prices of hydrocarbons. 38 In this paper, we have used the Birmingham Cluster Genetic Algorithm (BCGA) with an interface to the PWscf DFT code within the Quantum Espresso (QE) package. This provides an unbiased search starting from entirely random coordinates for the search of GM of PdCo nanoalloys. Here we conduct the first GM search for 4-7 atom PdCo bimetallic nanoalloys, over the entire composition range, using the GA-DFT approach.
B. Methods
In the present study, the putative GM isomers are generated by the Birmingham Cluster Genetic Algorithm (BCGA) 10 within the framework of Density Functional Theory, using an interface to the PWscf code of Quantum Espresso (QE) software. 42 The BCGA is used for the structural characterisation of nanoparticles and nanoalloys. The interface with QE enables the energy landscape of a system to be searched for the GM at the DFT level.
In the first step of the GA, a set of individuals is generated randomly to form an initial population of 10 members. Real valued Cartesian coordinates are chosen and each structure is relaxed by optimising the potential energy as a function of its coordinates. The BCGA is a ''Lamarckian'' type GA, which combines a GA step with a subsequent local minimisation of the energy. Each structure is assigned a fitness value such that the lowest energy structures correspond to highest fitness. In the GA-DFT approach, the energy of each member of the population is obtained from a PWscf DFT calculation. The crossover process (to generate a predetermined number of offspring) uses the roulette wheel selection criterion and the Deaven-Ho cut and splice method. 43 Mutation is accomplished using a number of schemes in the BCGA, such as atom displacement, cluster twisting, cluster replacement (used here), and atom permutation and is performed to improve population diversity. The process of selection, crossover, and mutation is reiterated for a predetermined maximum number of generations (here 200). However, if after a certain number of generations the lowest energy member of the population does not change, then the population is considered to have converged and the GA terminates. Plane-wave PWscf calculations are conducted by applying ultrasoft type pseudopotentials 44 for all metallic species, including scalar relativistic effects. 45 We have adopted the Perdew-BurkeErnzerhof (PBE) GGA exchange-correlation functional 46 that has been widely used in the treatment of small, mixed clusters. For the primary screening of the structures with BCGA, the default density cutoff convergence criterion is applied with energy cutoff of 50 Ry. The Methfessel-Paxton smearing scheme 47 with a value of 0.01 Ry is applied to aid metallic convergence. Spin-polarised reminimisations of BCGA-DFT global minima were carried out using the orbital-based DFT package NWChem. 48 PBE exchange-correlation functionals, 46 LANL2DZ basis sets and relativistic effective core pseudopotentials (ECPs) 49, 50 
where, n is the number of Pd atoms and m is the number of Co atoms.
To further illustrate the stability of the nanoalloys and their size dependent behaviour, we have considered the second finite difference in energy, which is a sensitive quantity that is frequently used as a measure of the relative stability of a particular cluster with respect to neighbouring sizes or compositions and is often compared directly with the relative abundances determined in mass spectroscopy experiments. For a fixed size cluster, the second finite different energy (D n,m ) of the isomer Pd n Co m is calculated as
where E n,m is the total energy of the Pd n Co m nanoalloy. The mixing energies (E m ) are listed in Table 1 to provide a measure of the stability of the bimetallic clusters with respect to the monometallic ones or the energy associated with alloying. E m is defined here as the (positive) quantity Fig. 1-4) . The ground state structure of the Co trimer is still controversial. In our calculation, the GM structure of Co 3 has been identified as a C 2v isosceles triangle, as previously reported. 57, 60, 61 Experimentally, it was reported 62 that the electron spin resonance spectrum of the cobalt trimer in an Ar/Kr matrix shows a triangular structure with a spin moment of 5 or 7 m B . However, Co 3 was found to adopt a linear geometry in ref. 59 Table 1 ). By introducing up to two Pd dopant atoms into the cluster, the overall structural motif is not changed significantly (see Fig. 1 ). For the PdCo 2 cluster, an isosceles triangle with total magnetic moment 5 m B is found to be the GM with BE 1.62 eV per atom. The BE value is consistent with the result in ref. 38 . When doped with two Pd atoms, the isosceles triangle remains the 
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GM while the pure Pd trimer has a D 3h equilateral triangle structure, though the calculated BE of this structure (1.37 eV per atom) is inconsistent with DFT results reported by other researchers. 64, 65 The most stable isomer of Co 4 is a non-planar butterfly-like structure with C 2v symmetry (as the two diagonals are unequal in length). It has a BE of 1.79 eV per atom and a spin moment of 10 m B , as reported by Sebetci, 59 Fan et al., 2 and Ma et al. 66 but in contradiction to the findings of Datta et al. 67 Experimentally, Jalink et al. 68 identified Co 4 as having a planar rhombus structure based on a gas phase vibrational spectroscopy. Replacing one of the Co atoms by Pd, results in a non-planar butterfly as the lowest energy morphology (see Fig. 1 ) and the symmetry is reduced to C s , which removes orbital degeneracy, increases the d electron bandwidth and reduces the local magnetic moment of Co. As Pd doping increases, the BE of Pd 2 Co 2 increases to 1.93 eV per atom in the quintet magnetic state and the structure changes to a C 2v tetrahedron, where all faces are isosceles triangles. The structure of Pd 3 Co is a C 3v tetrahedron. A triplet spin multiplicity with D 2d symmetry is found to be the GM structure of Pd 4 , which has a D 2d distorted-tetrahedral structure. This agrees with the results of Zanti et al. 69 and Begum et al.
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For the Co pentamer, a distorted trigonal bipyramidal (TBP) structure has been found as the GM energy structure with a spin magnetic moment of 11 m B . There is no consensus on the structure of Co 5 in the literature. Pereiro et al., 60 Datta et al.
61
and Castro et al. 58 have identified the ground state structure as the TBP configuration while a C 4v pyramidal structure has been proposed by Fan et al. 2 and Ma et al. 66 The Pd 2 Co 3 , Pd 3 Co 2 and Pd 4 Co clusters (see Fig. 2 ) all have C 2v TBP geometries, with spin moments of 7, 4 and 3 m B , respectively, while the PdCo 4 cluster has a C 3v TBP structure and a spin moment of 8 m B . In Pd 4 Co and Pd 3 Co 2 , Co atoms preferably occupy the higher connectivity equatorial positions in the TBP, which maximise the number of Co-Co and Co-Pd bonds (both of which are stronger than Pd-Pd bonds). The preferential doping of Pd atoms into the lower-connected apical sites in PdCo 4 and Pd 2 Co 3 is consistent with this. In the case of the pure Pd pentamer, the lowest energy morphology changes to square a pyramid with C 4v symmetry and a triplet magnetic state. This structure agrees with the work of Cantera and coworkers, 38 and Zanti and coworkers 69 while
Jerzy and coworkers 71 identified the GM as a TBP.
For pure Co 6 the GM structure is a regular octahedron with O h symmetry and a magnetic moment of 14 m B , which is entirely consistent with previous results. 61, 66, 72 On replacing one Co by
Pd (see Fig. 3 ), the overall octahedral structure is retained. The GM structure has C 4v symmetry and a total magnetic moment of 13 m B . When Pd atom doping continues, a capped TBP (or bicapped tetrahedron) is found to be GM for Pd 2 Co 4 (C 2v ), Pd 3 Co 3 (C 1 ) and Pd 4 Co 2 (C 2v ). As for the pentamers, the Co atoms preferentially occupy the higher coordinate sites and the Pd atoms occupy the low coordinate sites, leading to more Co-Co (and Co-Pd) and fewer Pd-Pd bonds, again correlating with bond strengths and bulk cohesive energies. 73 The overall effect is for core segregation of Co and surface segregation of Pd, with this core-shell type of segregation (which is related to the lower surface energy of Pd compared to Co, since the element having smaller surface energy and cohesive energy favours occupying the surface to minimise the total energy 74 ) also predicted for larger PdCo clusters. 75 Janssens et al. 76 found that with fewer than 50 atoms, for Ag n Co m with n c m the cobalt dopants occupy highly coordinated sites and are strongly bound, for clusters with m c n the silver atoms are poorly coordinated surface atoms and are loosely bound. The GM structure of Pd 5 Co is an octahedron (C 4v symmetry) in the quartet magnetic state. The BE of Pd 5 Co has been calculated as 2.21 eV per atom. It should be noted that the dominant growth patterns for the studied bimetallic nanoalloys generally keep similar frameworks to those of the pure Co clusters. Pd 6 has a D 4h tetragonally distorted octahedral geometry. This is consistent with previous DFT studies. 65, 77, 78 The most stable isomer of Co 7 is a capped octahedron-like structure. It has a BE of 2.51 eV per atom while Datta et al. 67 calculated the BE as 2.97 eV per atom. The structure has a spin moment of 15, which is consistent with the experimental result (2.36 AE 0.25 m B per atom 79 ). For PdCo 6 , the overall capped octahedron-like structure is retained (see Fig. 4 80 The BE of this structure in the doublet state is calculated as 2.10 eV per atom, which is consistent with the result of ref. 38 . The magnetic spin moments of the GM structures of PdCo clusters within the studied size range are shown in Fig. 5 . The magnetic moments of bimetallic PdCo clusters exhibit a zigzag pattern upon successive addition of Pd atoms. It should be noted that all pure Pd clusters in this study have triplet magnetic ground states, which is consistent with the results of ref. 69 . As the Pd atom has a closed shell electronic configuration (4d 10 ), to make a stable a metal-metal bond, some 4d electronic density needs to be promoted into the lowest unoccupied orbitals, in this case 5s. Occupying this orbital leads to a triplet state. As expected, Pd atoms have a quenching effect on the magnetism of bimetallic PdCo nanoalloys, so successive Pd doping of a Co cluster leads to a decrease of the spin moment of the ground state structure. We could not find any clear size dependence, but for CoMn clusters, based on Stern-Gerlach (SG) experiments, Yin et al. 81 have concluded that the magnetic enhancement of Co n Mn m (n r 60, m r n/3) is independent of the cluster size and composition. However, the study conducted by Zanti and coworkers showed that clusters enriched in palladium atoms have spin multiplicities that increase with the cluster size while clusters enriched in gold atoms maintain the lowest possible spin multiplicity for the structure. 69 Nanoparticle stability can be analyzed in various ways, the most common being the computation of the energy released during the growth of metal nanoparticles starting from isolated atoms, corresponding to the BE. The dependence of the BE on the composition of PdCo nanoalloys within the studied range is shown in Fig. 5 . As expected, increasing nuclearity makes the BE larger. This is because during the growth process the number of nearest neighbors increases, leading to a larger number of interactions per atom but the proportional gain gets smaller as the cluster gets larger, eventually approaching the bulk cohesive energy asymptotically. For bimetallic PdCo clusters, the BE is expected to lie between those of pure Pd and Co clusters. However, up to size 5, the BEs are (as seen in Table 1 ) larger than both the pure Pd and Co clusters, while for size 6 and 7, the BE values usually lie between those of the pure Pd and Co nanoparticles, as expected. Bakken and Swang 82 have found that for small cobalt clusters, substituting rhenium stabilizes the clusters. For the pentamer PdCo nanoalloys, Pd 4 Co has a much higher D n,m energy than Pd 3 Co 2 . This shows that it is more stable than the latter species but the result is not consistent with the mixing energy result. For the hexamer structures, the dip is seen at Pd 3 Co 3 in Fig. 6 . This species is expected to be less abundant in mass spectra than the other corresponding clusters.
The mixing energy E m can be used to evaluate the effect of mixing in a system. The evolution of the mixing energy with composition is shown for n + m = 5, 6 and 7 in Fig. 6 . The more positive values of E m show a stronger mixing tendency. The maximum value is seen for Pd 2 Co in Table 1 . This is consistent with the BE result. Comparing the different nuclearities, it should be noted that the mixing energy of bimetallic Pd n Co m nanoparticles is independent of the cluster size. However, up to 6 atoms, the values of mixing energy of the studied nanoalloys are proportional to the proportion of Pd atoms in the cluster, with the exception of Pd 4 Co and Pd 5 Co.
A large HOMO-LUMO gap (HLG) is generally considered as a significant requirement for chemical stability since HLG indicates the ability of electrons to hop from HOMO to LUMO and indicates the tendency of a molecule to be involved in chemical reactions to some degree. Pd 3 Co 2 (0.81 eV) has the highest HLG among the species studied in this work. Thus, one can expect high chemical stability for this cluster. It can be noted that pure Pd clusters generally have higher chemical activity than pure cobalt clusters. Furthermore, among the studied species, Pd-rich clusters are expected to have high chemical activity due to their low HLG values (see Table 2 ).
Electric dipole moment calculations have been performed to enable predictions to be made for future electron beam deflection experiments, which is one of few experimental methods for the investigation of small neutral clusters. The dipole moments (see Table 2 ) are small due to the low charge distribution within the cluster with the exception of PdCo 2 , PdCo 3 and Pd 2 Co 2 , which have clearly distinguishable dipole moments. These clusters should be easily discriminated by experiment.
The vibrational frequencies (see Table 2 ) lie between 29 and 344 cm À1 and show no clear dependence on cluster size and composition. All vibrational frequencies, projected infrared intensities, Mulliken charge analysis, electric field gradients, dipole, quadrupole and octupole moments are listed as ESI. †
D. Conclusions
We have performed a computational study of PdCo nanoalloys ranging from 3 to 7 atoms. The structural, electronic and magnetic properties of bimetallic PdCo nanoalloys have been studied within the framework of the GA-DFT approach that performs an unbiased global optimisation search for the lowest energy isomer, for each size and composition, at the DFT level. The calculations reveal that Pd atoms segregate to the peripheral positions of the clusters to enable maximisation of the stronger Co-Co and Co-Pd bonds and also the lower surface energy of Pd. Up to size 5, the doped nanoalloys possess higher binding energies indicating that the bimetallic species possess enhanced chemical stability than their pure counterparts. Pd atoms have a quenching effect on the magnetism of bimetallic PdCo nanoalloys, so successive Pd doping of a Co cluster leads to a decrease of the spin moment of the ground state structure. For the size dependence of magnetic moment we could not find any clear relation. It can be noted that pure Pd clusters generally have higher chemical activity than those pure cobalt clusters. Furthermore, among the studied species, Pd-rich clusters are expected to have high chemical activity due to their low HLG values. The dipole moments are small due to the low charge distribution within the cluster, with the exception of PdCo 2 , PdCo 3 and Pd 2 Co 2 , which have clearly distinguishable dipole moments.
In the future, the study we have carried out will be extended to larger bimetallic PdCo nanoalloys, where the dependence of chemical ordering and structure on the composition will be analyzed by using the Pool-BCGA code, 83, 84 which is a new parallel implementation of the code, which reduces computational costs significantly for larger clusters.
